. This could be achieved by APC/C mammalian tissue cells, the checkpoint is essential for rapidly exchanging with kinetochores since there is preventing chromosome missegregation and aneusome, but conflicting, evidence for APC/C localization ploidy, an outcome leading to cancer or birth defects to kinetochores [19] [20] [21] [22] . Mps1 also binds the APC/C, and thus it might be the diffusible signal from an unattached kinetochore that sensitizes APC/C to inhibition
Figure 1. Localization of GFP Fusions of Spindle Checkpoint Components in Mitotic PtK 2 Cells
Mps1, Bub1, Bub3, Mad1, Mad2, and Cdc20 localize to unattached kinetochores in prophase, whereas BubR1 localizes to kinetochores after nuclear envelope breakdown. Bub1, Bub3, Cdc20, and to a lesser extent, Mps1, remain detectable at kinetochores throughout anaphase whereas Mad1, Mad2, and BubR1 deplete during metaphase. Bub3, Mad1, Mad2, and Cdc20 show prominent spindle pole localization (arrows) during prometaphase, but not in metaphase. Scale bar, 10 m.
by MCC [23]. If so, then Mps1 should exchange rapidly
Results between kinetochores and the cytoplasm. Mps1 is also Live-Cell Analysis of Spindle Checkpoint Proteins known to be required for Mad1/Mad2 localization to kinetochores [23, 24] . Thus, if Mps1 provides the sole and Cdc20 in PtK 2 Cells We created GFP fusions, transiently transfected them binding site for Mad1 at kinetochores, it should be equal or more stable than Mad1.
into PtK 2 cells, and performed assays 2-3 days after transfection. Figure 1 and Movies 1-5 are representative To test between the above possibilities and to provide better mechanistic understanding of the spindle checkimages. Only cells expressing GFP chimeras barely detectable by the dark-adapted eye in the microscope point, we used GFP chimeras, live-cell imaging, and FRAP [18, 25] to follow the dynamics of spindle checkwere recorded in the assays used in this paper. Although not studied in detail (with few exceptions), cells expresspoint proteins and Cdc20 at kinetochores in living PtK 2 cells.
ing GFP-fusion proteins at the barely detectable level photobleach the GFP molecules of proteins bound to unattached kinetochores. In our previous Mad2 studies, to Bub1, Bub3, Mad1, Mad2, Mps1, and Cdc20 concentrated at unattached kinetochores during late prophase, we showed that photobleaching bound fluorophore did not disrupt normal binding to the kinetochore and that whereas BubR1 appeared at kinetochores around the time of nuclear envelope breakdown (Figure 1 ). All were cells progressed normally through mitosis [18] . A sample photobleaching experiment can be seen in Figure 2A . reduced by 4-fold or more at kinetochores by late metaphase except for Cdc20, which diminished 1.7-fold by Fluorescence recovered as subunits with bleached GFP dissociated and subunits with unbleached GFP from the early metaphase and persisted at this level into anaphase (see below). We found Mad1 and Bub3 concencytoplasmic pool associated at the same steady-state rate (see [25] for theory). Our CCD camera was able to trated at spindle poles in prometaphase cells, like noted previously for Mad2 [17, 18, 31] and Cdc20 [15] , but record images during and following photobleaching at 100-200 ms intervals so we could record rapid rates of Bub1 and BubR1 showed little, if any, pole localization (Figure 1) . Interestingly, Bub3 and Cdc20 spindle pole fluorescence recovery. Because the size of the focused beam was small (0.8 m diameter Gaussian beam profile localization diminished during metaphase despite persistence of these components on metaphase kinetoat half-maximal intensity), bleached cytoplasmic GFP Table 1 ). GFP-Bub1 also displayed relatively not shown).
Next, we compared the turnover rates of two other slow dynamics at unattached kinetochores (t 1/2 of ‫75ف‬ s and 65% fluorescence recovery; Figure 3 ; Table 1 Figure S5 ). We were interested in testing whether these components also dynamically cythe MCC components Mad2, Bub3, BubR1, and Cdc20. cle through kinetochores, like Mad2 and Cdc20, and if so, whether they displayed monophasic or biphasic Protein Dynamics Increase for Proteins that Persist at Metaphase Kinetochores recoveries. We found Bub3 displayed monophasic recovery with a turnover similar to Mad2 at unattached Some checkpoint components (e.g., Bub3, Bub1, and Mps1) and Cdc20 persisted at sufficient levels at metakinetochores (t 1/2 of ‫12ف‬ s with ‫%59ف‬ recovery, p Ͻ 0.01; Figure 3 ; Table 1; Figure S5 ). BubR1, like Cdc20, phase kinetochores for FRAP analysis ( Figure 1 ; Table  2) . We found all proteins tested exhibited increased turnalso displayed biphasic recovery ( Figure 3 ; Table 1 over rates compared to unattached kinetochores ( Figure 4B ; Table 1 ). This result indicates that the absence of the slow kinetic component of Cdc20 turnthe slow component of Cdc20 kinetics at unattached kinetochores likely represents a subpopulation of Cdc20 over at metaphase kinetochores depends on microtubule attachment and not tension.
that is interacting with Mad2.
The Dependence of the Slow Kinetic Fraction of Cdc20 at Unattached Kinetochores Changes in the Levels of Spindle Checkpoint Proteins and Cdc20 at Kinetochores on Mad2-Cdc20 Interaction
We were intrigued to find that the slow kinetic compoduring Mitosis We quantified the changes in protein levels of the GFP nent of Cdc20 disappeared at metaphase kinetochores and that only the fast component remained (t 1/2 of ‫2ف‬s fusion proteins at kinetochores as chromosomes gained microtubule attachments and alignment at the metaand ‫%59ف‬ recovery; Table 1 ). Cdc20 has been shown to bind BubR1 and Mad2 in vitro [8-10]. Since some phase plate. The GFP fusion with the highest percentage of total cellular fluorescence at kinetochores was GFPBubR1 is present on metaphase kinetochores until late metaphase and Mad2 is not, we reasoned the slow comBub1, which exhibited nearly 0.4% of the total GFPBub1 at an unattached prometaphase kinetochore or ponent of Cdc20 turnover might be due to interactions with Mad2. To explore this possibility, we examined about 10% at all 26 kinetochores shortly after nuclear envelope breakdown (Table 2) . For the other checkpoint the turnover rate of a GFP-Cdc20 construct, GFPCdc20 ⌬1-167 , at kinetochores. When examined in cells, proteins and GFP-Cdc20, the maximum percentage of the total GFP-protein pool at an unattached kinetochore Kallio and coworkers showed that GFP-CDC20 coimmunoprecitates with Mad2, while the GFP-Cdc20 ⌬1-167 does was around 0.05%-0.1% (Table 2 ). The percentages given in the Table 2 likely underestimate the endogenous not [15] . We verified in HeLa cells that GFP-Cdc20 ⌬1-167 does not coimmunoprecipitate with Mad2 in vivo (data protein ratios by about a factor of 1.5-5 (see Supplemental Discussion). Nevertheless, the maximum values of not shown). When GFP-Cdc20 ⌬1-167 and Mad2 were coexpressed in reticulolysates, we found a weak binding the percentages are small and indicate that the vast majority of the checkpoint proteins and Cdc20 are in by coimmunoprecipitation that was not seen in vivo (Figure 4A) . This residual binding in vitro may indicate anthe cytoplasmic pool and not localized to kinetochores at one point in time. We estimate the number of moleother Cdc20 binding domain for Mad2, but it could also be the result of misfolding in the in vitro expression cules at unattached kinetochores is on the order of 500-5000 (see Supplemental Discussion). system or simply background binding. When expressed in PtK1 cells, we found the slow kinetic component typiUnlike our live-cell measurements, previous immunofluorescence assays have been unable to resolve early cal of full-length GFP-Cdc20 was not evident when we analyzed the turnover rate of GFP-Cdc20 ⌬1-167 at both and late metaphase stages from fixed time-point assays of unsynchronized mitotic populations, e.g., [2]. We unattached and attached kinetochores ( Figure 4B) in PtK 2 cells. For example, GFP-Cdc20 ⌬1-167 displayed a t 1/2 found interesting differences that are most easily seen by comparing levels of fluorescence intensities at kinetof 1.5 s with ‫%49ف‬ recovery at prophase kinetochores (data not shown), t 1/2 of 2.4s with ‫%39ف‬ recovery at ochores relative to maximum values in early mitosis (Figure 5 ; Table 2 ). Mad2 decreased much more quickly prometaphase kinetochores (Table 1) , t 1/2 of 1.7 s with ‫%19ف‬ recovery at metaphase kinetochores (Table 1) , from kinetochores compared to Mad1, being Ͼ20-fold depleted by early metaphase compared to a 6-fold and a t 1/2 of 1.3 s with ‫%58ف‬ recovery at anaphase kinetochores (data not shown). These data suggest that depletion for Mad1 ( Figure 5AЈ ; Table 2 ). By mid to late metaphase, Mad1 became greater than 20-fold depleted 5AЈ; Table 2 ), similar to the recent findings by Kallio et al. [15] for LLPCK cells. Also, the fraction of Cdc20 that like Mad2 (Table 2 ). BubR1 was reduced only 4.2-fold in early metaphase and then became reduced by Ͼ20-disappears from kinetochores between prometaphase and late metaphase (fluorescence prometaphase minus fold in late metaphase ( Figure 5A ; Table 2 ). The normalized reduction of Bub3 by anaphase was much less than fluorescence late metaphase) has a similar time-course to that exhibited by the loss of MCC components Mad2, seen for either BubR1 or Bub1 ( Figure 5A ; Table 2 ). Also, Mps1 decreased by about 5-fold by late metaphase and BubR1, and Bub3 ( Figure 5B ). These comparisons and the biphasic character of Cdc20 FRAP suggest that at persisted at this level into anaphase ( Figure 5AЈ ; Table 2 ). phase in Cdc20 kinetics was also absent for GFPCdc20 ⌬1-167 bound to unattached kinetochores in proBubR1 is a major candidate molecule for the diffusible wait-anaphase signal since it is a direct inhibitor of APC/ phase, prometaphase, and nocodazole-treated cells, a mutant with diminished Mad2 interactions. These kinet-C Cdc20 in in vitro assays [9, 10]. We find that BubR1 exhibits two dynamic populations at unattached kinetoochores have high concentrations of Mad2 and kinetics similar to the slow phase of full-length Cdc20. Lastly, chores: about 54% cycles through unattached kinetochores with a half-life of 21 s, which is similar to Bub3, we found Cdc20 localizes strongly to spindle poles in PtK 2 cells when Mad1/Mad2 is concentrated at proximal a known binding partner. About 46% have a much faster half-life, 3 s, and must be cycling through the kinetokinetochores, and Cdc20 displays little to no pole localization during metaphase despite elevated levels of chore independent of Bub3. Either the faster or slower kinetic component of BubR1 could be part of the diffusCdc20 on metaphase kinetochores. This suggests that the Cdc20 that is transported poleward is associated ible wait-anaphase signal. Our live-cell analysis shows that BubR1 is reduced at kinetochores as they become with Mad1/Mad2. Taken together, these results strongly suggest Cdc20 interacts with Mad2 at the kinetochore. aligned in two stages. The initial 4-fold loss of BubR1 at early metaphase kinetochores ( Figure 5A ; Table 2) (Figures 1 and 5; Table 2) . tion of Cdc20*, BubR1*, or Mps1*. This feedback mechanism would account for a Mad2-dependent slow The slow phase appears to depend on interactions with kinetochore bound Mad2 for several reasons. The slow phase in Cdc20 kinetics at checkpoint active kinetochores that is lost with kinetochore alignment. Another phase disappears by metaphase when kinetochores are depleted of Mad2. Its disappearance does not depend attractive feature of this model for our data is that it accounts for why kinetochores with high checkpoint on the tension generated at metaphase kinetochores, 
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